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ABSTRACT
We designed and engineered a dye production cas-
sette encoding a heterologous pathway, including
human tyrosine hydroxylase and Amanita muscaria
4,5-DOPA dioxygenase, for the biosynthesis of the
betaxanthin family of plant and fungal pigments in
mammalian cells. The system does not impair cell
viability, and can be used as a non-protein reporter
system to directly visualize the dynamics of gene ex-
pression by profiling absorbance or fluorescence in
the supernatant of cell cultures, as well as for flu-
orescence labeling of individual cells. Pigment pro-
filing can also be multiplexed with reporter proteins
such as mCherry or the human model glycoprotein
SEAP (secreted alkaline phosphatase). Furthermore,
absorbance measurement with a smartphone cam-
era using standard application software enables in-
expensive, low-tech reporter quantification.
INTRODUCTION
Colored or fluorescent proteins have been used extensively
both as intracellular markers for microscopy and as re-
porter systems for gene expression (1) since the first isola-
tion of green fluorescent protein from Aequorea victoria in
1998 (2). In general, such reporters enable quantification of
gene expression inside a single cell or across cell populations
by producing a quantifiable protein (3). The most widely
used reporter systems are based on fluorescent proteins, al-
kaline phosphatases (4) or luciferases (5). Fluorescent pro-
teins are particularly well suited for single-cell analysis and
for observing gene expression dynamics by continuousmea-
surements (6). Another approach for continuous tracking
of cellular behavior with enzymatic reporter systems is fre-
quent sampling of the supernatant. However, this approach
suffers from limited sampling frequency and labor-intensive
sample preparation.
To date, the toolbox of fluorescent proteins for analyzing
gene expression consists of more than a hundred members,
with excitation and emission profiles ranging from near-
UV to infrared, and numerous modifications are available
for use in various experimental setups (7). Nevertheless,
protein-based reporters can have disadvantages compared
to small-molecular reporters. Small molecules are often able
to passively penetrate cell membranes and can therefore dif-
fuse into or out of cells, and enter most subcellular com-
partments. This behaviour enables measurements at the sin-
gle cell or whole population level in the same setup, obvi-
ating the need for different reporter constructs. Addition-
ally, secretion of protein reporters is not always trivial, as
proteins may undergo glycosylation, form disulfide bonds,
oligomerize while passing the endoplasmic reticulum, or re-
quire the addition of secretion signals, all of which can com-
promise cellular production capacity (8). In addition, small
molecules tend to be resistant to denaturing conditions; this
is particularly advantageous for sample preparations that
require cell fixation, which often causes protein reporters to
lose functionality. Lastly, small molecules with suitable op-
tical properties can be directly quantified by absorbance or
fluorescence measurements of the culture medium, without
the need for laborious assays.
Heterologous gene expression in mammalian cells is
well established, but so far, only a few non-native small-
molecular dyes or pigments, which are widespread in plants,
have been successfully produced in mammalian cells (9,10).
Differences in biochemical and biophysical properties (opti-
mal temperature, salt concentration (11,12), as well as miss-
ing biochemical pathways (13), and even the absence of
suitable reaction compartments (organelles) (14) in mam-
malian cells make the task challenging. In addition, the ac-
tual biosynthetic pathways of dyes are often mediated by
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cascades of specialized enzymes that are all required towork
in synchrony (15). Few reporter systems based on small
molecules have been reported to date, and those that are
available either employ an external substrate that is enzy-
matically converted (16) or are not water-soluble, so that
supernatant sampling is not applicable (9,17).
Among the huge variety of plant dyes, the betalain class
(18) appears to have suitable characteristics for heterolo-
gous production in mammalian cells, and indeed the use
of betalains as reporters in plants has been proposed (19).
The water-soluble betalains are L-DOPA-derived, yellow-
orange to red-purple dyes produced by various plants and
fungi (20), including the well-known Amanita muscaria
(A. muscaria; fly agaric) Interestingly, the red dye betanin,
found in red beet, is widely used in the food industry as nat-
ural food colorant (21). The biosynthesis of betalain fam-
ily members follows the same core pathway from L-tyrosine
(18) in a diverse set of organisms (Figure 1A). Briefly, L-
tyrosine is oxidized by tyrosinase (TYR) to L-DOPA, which
is converted to betalamic acid by 4,5-DOPA dioxygenase
(DODA) (22,23). Betalamic acid spontaneously (24) reacts
with a variety of amine sources in the cytosol to yield the
corresponding betaxanthins, which are a sub-group of the
betalains.
Here, we describe the design and engineering of a be-
taxanthin production cassette consisting of a heterologous
biosynthetic pathway, including human tyrosine hydroxy-
lase and DODA from A. muscaria, for the biosynthesis of
yellow-fluorescent indicaxanthin. We demonstrate the suit-
ability of this system for continuous measurements of gene
expression dynamics in mammalian cells at the population
level, as well as for labeling individual cells. We present a
simple, low-tech assay, using a smartphone-based set-up
for the quantification of betaxanthins in cell-culture super-




Construction of the plasmids is described in detail in Sup-
plementary Tables S1 and S2. DNA sequences for Am-
DODA and CcTyr can be found in DNA sequences S1 and
S2. Escherichia coli strain XL10-Gold (Agilent Technolo-
gies) was used for cloning.
Cell culture and transfection
HEK293T cells (DSMZ:ACC-635),HEK293 cells (DSMZ:
ACC 305), CHO-K1 cells (ATCC: CCL-61) and human
mesenchymal stem cells transgenic for the catalytic subunit
of human telomerase (hMSC-TERT) (26) were cultivated in
DMEM (Thermo Fisher, cat. no. 31053028) supplemented
with 10%FCS (Sigma-Aldrich, cat. no. F7524) and 1×Glu-
tamax (Thermo Fisher, cat. no. 35050061) at 37◦C in a hu-
midified atmosphere containing 7.5% CO2. For CHO-K1
cells, 0.15 M L-proline (Fluka) was also added.
For serial passage of these cells, 0.05% trypsin–EDTA
(Gibco) was used. The cells were generally passaged on
10 cm dishes at 80–90% confluency after 48 h. For trans-
fection, 1.5 × 106 cells (counted with a CASY TTC Cell
Counter) in 14.4 ml of medium were seeded on a 96-well
cell culture plate (150 l cell suspension per well) on the
evening before transfection. For different plate formats, the
amount of suspension per well was varied accordingly. The
medium for seeding and transfecting the cells as well as for
the cell-based assays was FluoroBrite™ DMEM (Thermo
Fisher, cat. no. A1896701) supplemented with 10% FCS
(Sigma-Aldrich), 1× Glutamax (Thermo Fisher) and 1%
penicillin–streptomycin solution (Biowest) for all cell types,
plus 0.15 M L-proline (Fluka) for CHO-K1 cells. L-DOPA
(Sigma-Aldrich, cat. no. D9628) as a 10 mM stock so-
lution in DMEM and ascorbic acid (Sigma-Aldrich, cat.
no. 11140) as a 1 M stock solution in dH2O were added
where necessary. For transfection in a 96-well plate format,
a DNA–polyethyleneimine (PEI) mixture in DMEM with-
out supplements (50 L/well) was produced by incubat-
ing 0.75 l PEI (40 kDa MW, Polysciences; stock solution
1 mg/ml in dH2O) with 150 ng total plasmid DNA. The
mixture was vortexed for 3 s and incubated at room tem-
perature for 15 min. (When necessary for different plate
formats, the transfection mix was scaled up accordingly.)
The cells were incubated with the transfection mixture for
6.5–7.5 h, and then the medium was exchanged for 100 l
fresh, prewarmed medium. For the photograph (Figure 2B)
only half of the medium (6 ml instead of 12 ml) was used
in the medium change after the transfection in order to in-
crease the color intensity. For long-term continuous mea-
surement (Figure 3C), the cells were placed in an incubator
for 30 min to allow the medium and air in the plate to equi-
librate to the desired pH, CO2 concentration and humid-
ity, then sealed and placed in a plate reader heated to 37◦C
for cultivation. For the doxycycline-induction experiments,
a 1.5 mg/ml stock solution of doxycycline hyclate (Sigma-
Aldrich, D9891) in dH2Owas used and the cells were trans-
fected in a 6-well plate format and reseeded after transfec-
tion into fresh clear medium containing doxycycline at a
density of 3 × 106 cells per plate. Supplementary Table S3
shows details of the transfection mixes.
L-DOPA quantification
The supernatant was filtered and analyzed by a UHPLC–
MS/MS system composed of an Ultimate 3000 (Thermo
Fisher) and a mass detector (TSQQuantumUltra, Thermo
Fischer) equipped with a reverse-phase column (Kinetex®
EVO C18; 50 × 2.1 mm, 1.7 m, Phenomenex) in the SRM
negative mode targeting the typical L-DOPA fragmentation
of 196 Da to 135 Da with a collision energy of 19 eV. A cali-
bration curve was built using standard solutions in the con-
centration range from 50 g/ml to 0.5 g/ml. Intracellular
L-DOPA was extracted from the cells by suspending frozen
cells in methanol, followed by centrifugation and filtration
of the supernatant.
Fluorescence and absorbance analysis
For end-point measurements, 80 l of the 100 l super-
natant was transferred to a clear 96-well plate. The fluores-
cence was measured in a Tecan infinite® M1000 pro plate
reader unless otherwise noted, with 485 nm excitation and
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The absorbance and fluorescence scans for Figure 2A were
created as above with a 2 nm step distance for absorbance
and fluorescence. For the excitation scan, the emission was
measured at 507 nm and for the emission scan, the excita-
tion was kept at 485 nm. Continuous measurement and cul-
tivation were performed in a Tecan infinite® M200 with ex-
citation and emission wavelengths set to 482/521 nm (band-
widths of 9/20 nm, respectively) in a top-reading mode.
Microscopy
Samples for Figure 3E were analyzed using a Nikon Eclipse
Ti2 microscope with a Hamamatsu Orca Flash 4.0 camera
set to 400 ms exposure, 40× objective, 100% LED strength.
Betaxanthin detection settings included Lumencor Spectra
X cyan excitation and 525 ± 25 nm emission. Image analy-
sis and deconvolution were performed using Huygens Pro-
fessional image processing software. Supplementary Figure
S12 and Supplementary Movie S1 were recorded using a
Nikon Eclipse Ti2 microscope with an Andor Sona 4.2B-
11 using a 20× objective, 100 ms exposure and 440 ± 10 nm
transmission bandpass filter for the bright-field recording.
Betaxanthin detection was done with a Lumencor Spectra
using 35% LED strength with a 488 ± 3 nm excitation fil-
ter, 495 nm dichroic mirror, 520 ± 17.5 nm emission filters
and 800 ms exposure. Image analysis was performed using
NIS-Elements software. Time-lapse recording was done as
a green fluorescence/bright-field overlay with a frame rate
of 1 frame every 2 h for 72 h.
Flow cytometry
Cell populations were analyzed with a Becton Dickinson
LSRII Fortessa flow cytometer, equipped for EGFP detec-
tion (488 nm laser, 505 nm long-pass filter, 530 ± 15 nm
emission filter) and mCherry detection (561 nm laser, 610±
10 nm emission filter), and set to exclude dead cells, debris
and cell doublets. The live cell population was previously
determined while adjusting the device for HEK-293T cells
and could be identified in the front versus side scatter view
(FSC-A/SSC-A). Cell doublets were identified by using the
front scatter area versus height view (FSC-A/FSC-H) and
assuming a linear relationship.
SEAP assay
Production of human placental secreted alkaline phos-
phatase was quantified in cell culture supernatant as de-
scribed before (27).
Resazurin assay
The culture medium was replaced with fresh clear medium
containing 8 mg/l resazurin sodium salt (Sigma Aldrich,
R7017). The cells were placed back in the incubator at 37 ˚C
for 1 h, and then the fluorescence (571 nm ex./585 nm em.)
wasmeasured (the backgroundwas subtracted). A stock so-
lution of 0.8 g/l was prepared in dH2O.
Cell viability assays
Initially, HEK293T cells were transfected with a betaxan-
thin production cassette, or empty plasmid, or tGFP con-
trol. At 48 h after transfection the viability of the cells was
determined by means of resazurin assay. In a second ap-
proach, conditioned medium with or without betaxanthins
was produced by allowing cells transfected with the betax-
anthin production cassette or empty vector to grow for 72
h. Subsequently, wild-type HEK293T cells were grown in
these conditioned media for 24 h and cell viability was de-
termined bymeans of resazurin assay. In a third approach, a
resazurin-independent methodwas chosen to determine the
growth rate of cells transfected with plasmids encoding ei-
ther tGFP or the betaxanthin production cassette. The cell
number was measured every 24 h for 72 h using a flow cy-
tometer.
Chemical fixation of cells
Cells were trypsinized (0.05% trypsin–EDTA (Gibco)),
washed with PBS, and resuspended at the concentration
of ∼200 000 cells/ml in 2% formaldehyde solution. The
formaldehyde solution was prepared by dilution of 35%
formaldehyde solution (Sigma) with PBS. After one hour
the cells were washed againwith PBS and subsequently used
for analysis. All steps after trypsinization were performed
on ice.
Cell lysis
Cells in a 24-well plate were harvested by lysing them in
150 l RIPA buffer for 15 min at 37˚C. RIPA buffer con-
tained sodium chloride (140 mM), Tris–Cl (10 mM), EDTA
(1 mM), EGTA (0.5 mM), Triton X-100 (1%), sodium de-
oxycholate (0.1%) and SDS (0.1%) in ddH2O, and the pH
was adjusted to 7.4.
Statistical analysis, curve fitting and determination of slope
All statistical analysis was performed withGraphPad Prism
7. The curve-fitting for Figure 3B was performed using
GraphPad Prism 7′s [Agonist] versus response – Variable
slope function. In the case of Supplementary Figure S7A,
Student’s t-test with Welch’s correction for non-equal SD
was applied to each independent experimental dataset, with
n = 8 independent biological samples. The exponential
growth fit for Supplementary Figures S7B and S10B was
calculated using GraphPad Prism 7′s exponential growth
equation function. For Supplementary Figure S10A, differ-
entiation was performed using Prism’s integrated differen-
tiation function with a smoothing factor of 20 neighbors
without polynomial fit.
Synthesis of indicaxanthin
Indicaxanthin was synthesized following a reported proce-
dure (28) with some modifications. To a cold (0◦C) solution
of H2O (20ml), degassed with argon for 5min, betanin (500
mg, red beet extract diluted with dextrin, TCI) and an aque-
ous ammonium solution (0.3 ml, 25%) were added sequen-
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and the reaction was stirred at 0◦C for 30 min. L-Proline
(67 mg, 0.58 mmol) was added followed by glacial acetic
acid until the pH of the solution reached 5 (around 0.8 ml).
The resulting red solution was stirred for 1 h at 0◦C, then di-
rectly loaded onto a reverse phase column (ZEOprep® 90,
C18) and eluted with H2O. The fractions containing the de-
sired compound were combined and lyophilized to obtain
indicaxanthin (8.2 mg) as an orange solid. The identity of
the compound was confirmed by its characteristic MS/MS
pattern.
Analysis of indicaxanthin
The sample, control and synthetic indicaxanthin were each
dissolved in aqueous MeCN solution (60%). These solu-
tions were filtered and injected (1 l) into a UHPLC system
(Ultimate 3000, Thermo Fisher) equipped with a reverse-
phase column (Kinetex® EVO C18; 50 × 2.1 mm, 1.7 m,
Phenomenex), a DAD (Ultimate 3000) and a mass detec-
tor (TSQQuantumUltra, Thermo Fischer). The eluent was
composed of MeCN (0.1% formic acid) and H2O (0.1%
formic acid), the flow rate was 0.4 l/min, and the tem-
perature of the column oven was 40◦C. The compound was
detected in positive SRM mode targeting the typical frag-
mentations of indicaxanthin of 309 Da to 217 Da (23 eV)
and 309 Da to 263 Da (17 eV).
Smartphone-based betaxanthin quantification
The field set-up for betaxanthin quantification consists of a
cardboard box to shield the sample from light and a blue
paper (Artoz 10769614-427, Coop, Switzerland) as a de-
fined background. For betaxanthin quantification, we used
an iPhone running the Color Name AR Pro mobile appli-
cation software. A calibration curve was obtained from ra-
tios of the intensity (I) of standard solutions of the model
compound indicaxanthin (2.24, 1.12, 0.56, 0.28, 0.14, 0.07
mg/ml) to that of water as a blank (I0). The absorbance (A)
was obtained according to Beer’s law A = −log( I
I0
) with I
equals the blue channel displayed on the smartphone appli-
cation software. The slope (0.36 ± 0.01) andR2 value (0.99)
of the calibration curve were calculated using Prism soft-
ware. The culture supernatants of cells producing betaxan-
thin (500l) and negative-control cells (500l) were diluted
with H2O (500 l), the values of betaxanthin absorbance
were recorded, and corresponding concentrations were ob-
tained from the calibration curve.
RNA extraction and RT-qPCR
Cells were transfected in a 24-well plate format and har-
vested 48 h later using a Quick-RNA miniprep kit (Zymo
Research, cat. No. R1054), according to the manufacturer’s
protocol. 400 ng of total RNA was used for cDNA synthe-
sis with a High-Capacity cDNA Reverse Transcription Kit
(Invitrogen, cat. no. 4368814), according to the manufac-
turer’s instructions. Thereafter, the 20 l cDNA reaction
was diluted with 1100 l water. Subsequently, 1080 l of
this cDNAmix was added to 1080 l of KAPA 2× Taqman
master mix (Sigma-Aldrich, cat. no. KK4703). Finally, 20
l of cDNA-Master mix was added to each well of a 96-well
Taqman array plate (Thermo Fisher, cat. no. 4414130). The
Eppendorf Realplex Mastercycler (Eppendorf GmbH) was
used according to the Taqman array plate protocol. The rel-
ative threshold cycle (Ct) was normalized to GAPDH and
ACTB genes and in a later step the normalized dataset from
the active samples was normalized to the tGFP-transfected
control (ct method). tGFP-producing cells were used
as a benchmarking cell line in this setup, as wild-type cells
would have resulted in a bias, due to the lower stress of being
untransfected and not overproducing a foreign protein. RT-
qPCR and data analysis was done according to the MIQE
guidelines (Supplementary Table S5).
RESULTS AND DISCUSSION
Design and validation of betaxanthin production in mam-
malian cells
We initially examined whether DODA enzymatic activ-
ity could be achieved in mammalian cells by transfect-
ing HEK293T cells with a plasmid encoding DODA from
A.muscaria (29,30) (AmDODA,DODA, P87064). L-DOPA
(1 mM) and ascorbic acid (0.05 mM) were added to the
cell culture, and after 16 h we observed a yellow coloration
of the supernatant, indicating successful biosynthesis of the
dye, and confirming that it can cross the plasma membrane.
Freshly prepared ascorbic acid solution was used in experi-
ments withmedium containing L-DOPA in order to prevent
oxidation of L-DOPA. It was used at a concentration of up
to 0.1mM; this was confirmed to be non-toxic inHEK293T
cells (Supplementary Figure S1). As betaxanthins were pre-
viously reported to be fluorescent (31), we recorded a 2D
fluorescence scan of the supernatant (Supplementary Fig-
ure S2), in which we identified a hot spot at around 485 nm
excitation and 507 nm emission wavelengths. Comparison
of the supernatant fluorescence of cells transfected with the
AmDODA-encoding plasmid with that of cells transfected
with mock plasmid further supported the successful expres-
sion of functional DODA in mammalian cells for the first
time (Figure 1B).
We then focused on achieving autonomous production of
the dye by mammalian cells. Intriguingly, the precursor L-
DOPA is already produced by somemammalian cells via ei-
ther the dopamine pathway (by tyrosine hydroxylase (TH)
(32)) or the melanin pathway (by tyrosinase (TYR) (33)).
However, human TYR targeted to the cytosol is unlikely
to be functional, as it lacks endoplasmic reticulum-based
glycosylation (34) and thus the combination with cytosolic
DODA would probably be ineffective. In addition, human
TYR is localized to endosomes in non-melanogenic cells,
and these organelles would be a difficult engineering target
for localization of DODA. Therefore, we decided to focus
on the TH pathway for L-DOPA production in mammalian
cells. For this purpose, we established ectopic L-DOPA pro-
duction by transfecting HEK293T cells with plasmids cod-
ing for human TH (32) (hTH, TH, AAI04968) and human
GTP-cyclohydrolase (hGCH,GCH1, NP 000152).Wewere
able to observe the production of L-DOPA by UHPLC-MS
(Supplementary Figure S3) and the concentration of the
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Figure 1. Overview and characterization of the heterologous betaxanthin production system. (A) Part of the biosynthetic pathway of the betaxanthin class
of pigments. Tyrosine is oxidized by either tyrosine hydroxylase (TH) or tyrosinase (TYR) to form L-DOPA. A specific 4,5-DOPA dioxygenase (4,5-DODA)
oxidizes L-DOPA to yield betalamic acid (BA), utilizing molecular oxygen. BA spontaneously reacts with various amino acids to yield betaxanthins. (B)
Functionality test of DODA fromA. muscaria. HEK293T cells were transfected with mock (pCOLADuet-1) orDODA (pPST320). After 48 h the medium
was changed to a clear medium containing 1 mM L-DOPA and 0.05 mM ascorbic acid, and color development was measured 16 h later. , with L-DOPA;
, with ascorbic acid only. (C) Functionality test of the complete betaxanthin production cascade. Cells were transfected according to the table, and color
development was measured 48 h later. , negative controls; , complete production cascades. AmDODA (pPST320), hGCH (pPST321), hTH (pPST319),
AmDODA-hGCH (pPST322), AmDODA-p-hTH-p-hGCH (pPST324). (D) Functionality test of the complete betaxanthin production cascade in different
cell lines. The cells were transfected with pPST324 and color development was measured 48 h later. In the shown dataset the signal-to-noise ratios are
between approximately 214 and 386 (calculated as average signal above background divided by the standard deviation of the background). Raw data for
the lowest- and highest-producing cell lines can be found in Supplementary Table S4. In experiments B and C, color development was measured in arbitrary
fluorescence units, while in experiment D it was measured in relative fluorescence units normalized to the mock-transfection samples (0) and HEK293T
cells transfected with pPST324 (100). Graphs in B, C andD show the mean± s.d. of n= 3 independent samples and are representative of three independent
experiments.
biosynthesis of tetrahydrobiopterin (THB (35)), a cofactor
of hTH, and its expression was necessary for high L-DOPA
production in HEK293T cells.
Next, having established both parts of the betaxanthin
production pathway separately, we transfected HEK293T
cells with plasmids encoding hTH, AmDODA and hGCH,
and examined the functionality of the cells for fully au-
tonomous betaxanthin production by means of fluores-
cence measurement (Figure 1C). Indeed, the cells pro-
duced a fluorescent dye. This confirms the functional
adaptation of these mammalian cells for heterologous
secondary metabolite production through the introduc-
tion of a dye production cassette encoding a combina-
tion of human and fungal enzymes. Importantly, the sys-
tem is functional in standard cell culture medium with-
out the addition of ascorbic acid, L-DOPA or other special
additives.
In order to increase the dye production and reduce the
number of individual genetic components, we evaluated fu-
sion versions of the introduced genes.We found that expres-
sion of an AmDODA-hGCH fusion protein in HEK293T
cells resulted in increased dye production (Figure 1C). The
greatest increase in fluorescence was found in cells trans-
fected with a plasmid encoding hTH, hGCH and Am-
DODA in a singlemRNA fused together bymeans of a P2A
sequence (plasmid pPST324, plasmid map in Supplemen-
tary Figure S9) (Figure 1C). This construct was used for all
further benchmarking experiments. P2A is a member of the
Herpes simplex virus 2A ribosomal-skipping peptide fam-
ily. During translation, there is no peptide bond formed at
the P2A site, which results in two separate polypeptides.
To confirm the generality of this system, we next evalu-
ated multiple cell types for DODA-based dye production
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deed functional in multiple cell lines. For the cell types
shown, the measurements were significantly above back-
ground, with good signal-to-noise ratios of at least 200 (Fig-
ure 1D). Naturally, the background in fluorescence mea-
surements is highly dependent on experimental factors such
as the specific culture medium, analysis device and settings
used. Differences in reporter production levels in standard
laboratory cell lines have been described before (e.g. (36))
and are likely due to specific intrinsic metabolic differences
that result in different protein production capacities, or due
to experimental differences (transfection efficiency or trans-
gene dependency) (37)). As HEK293T cells produced the
highest levels of fluorescence, we utilized this cell line for
subsequent experiments.
Additionally, we investigated a secreted version of the
dye production cassette to broaden the applicability of the
system. For this purpose, we designed secreted variants
of AmDODA (sAmDODA) and employed a secreted ver-
sion of a tyrosinase (38) from Celosia cristata (sCcTYR,
CYP76AD4, AGI78466), which was shown to be highly ac-
tive in transgenic yeast and independent of specialized co-
factors (39). Cotransfection of HEK293T cells with plas-
mids encoding sAmDODA and sCcTYR resulted in in-
creased fluorescence (Supplementary Figure S4). However,
the overall fluorescence of this secreted system was lower
than that of the hTH-based system. Hence, we focused on
the latter system to further characterize the dye and to ex-
plore possible applications.
Characterization of betaxanthins
To further characterize the reaction product in the present
system we measured the absorbance and fluorescence spec-
tra of the culture supernatant of dye-producing HEK293T
cells (Figure 2A; for a 2D fluorescence scan, see Supplemen-
tary Figure S2). An image of the supernatant of cells trans-
fected with pPST324 after 72 h is shown in Figure 2B. How-
ever, the absorbance maximum and the fluorescence excita-
tion and emission maxima of 446, 487 and 507 nm, respec-
tively, did not correspond to the spectroscopic data of any
single compound reported in the literature (24,31). We con-
cluded that the sample contained a mixture of the precur-
sor betalamic acid (405 nm max) and betaxanthins (470–
490 nm max). To confirm the production of betaxanthins,
we transfected HEK239T cells with pPST324 and analyzed
the supernatant byUHPLCcoupled to aDADandMS/MS
detector (Supplementary Figure S5). As various betaxan-
thins can be produced depending on the reaction partner of
betalamic acid (40) (Figure 1A), we added the amino acid L-
proline (5 g/l) to the medium (containing 0.1 mM ascorbic
acid) in order to push the reaction towards indicaxanthin
(the reaction product of L-proline and betalamic acid) to
facilitate its detection. The chromatogram extracted at the
typical betaxanthin window (400-500 nm) exhibited a ma-
jor peak at 1.24min, which indeed showed the characteristic
UV/VIS spectrum of indicaxanthin (absorption maximum
at 478 nm; Supplementary Figure S5D). The identity of the
compound was further confirmed by mass spectrometry in
the selected reaction monitoring mode, detecting daughter
ions at 263 Da (17 eV) and 217 Da (23 eV) (Supplemen-
tary Figure S5B, C) (41). Furthermore, we synthesized indi-
Figure 2. Characterization of the reaction product. (A) Fluorescence and
spectroscopic analyses of the reaction product of AmDODA (pPST320)
in mammalian cells. HEK293T cells were transfected with pPST320, and
after 48 h the medium was changed to clear medium containing 1 mM
L-DOPA and 0.05 mM ascorbic acid. Absorbance measurement and an
excitation and emission scan were recorded 16 h later, and the background
(supernatant from mock-transfected cells) was subtracted. , absorbance;
, excitation; , emission. The data was normalized to the minimum
and maximum intensities of each scan. The results of one measurement,
which is representative of three independent experiments, are shown. (B)
Photograph of betaxanthin-containing supernatant. Cells were transfected
with a constitutive betaxanthin production plasmid (pPST324) or mock
(pCOLADuet-1) and the image was recorded 72 h after transfection (right:
supernatant containing betaxanthin).
caxanthin according to a reported procedure (28), and con-
firmed that it was identical to the product in the supernatant
of the transfected human cells. Different betaxanthins show
very similar spectroscopic properties (24), so the exact com-
position of the mixture of pigments formed is not expected
to significantly influence the absorbance characteristics.
To confirm the suitability of betaxanthin for use as a
fluorescent reporter, we characterized its photostability in
cell culture supernatant. Specifically, we analyzed the de-
crease in fluorescence of the supernatant of betaxanthin-
producing cells in a plate reader with continuous measure-
ment in comparison with that of the well-known small-
molecular fluorophore fluorescein (Supplementary Figure
S6). Fluorescein is less prone to photobleaching than be-
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Impact of betaxanthin production on cell viability and
metabolism
An important consideration for a live-cell reporter system
is its effect on cell viability and growth rate and its potential
for interference with native signal transduction pathways.
In particular, the toxicity of the system should be examined
thoroughly, since the reaction intermediate L-DOPA is a bi-
ologically active compound that triggers apoptosis in some
cell lines (42) and is converted to neurotoxic dopamine in
some neuronal cell lines (43). Therefore we analyzed its ef-
fect on cell viability in three different assays. We assessed
viability by using resazurin dye, which is converted to re-
sorufin in viable cells only. Resorufin can then be quantified
using spectroscopic methods (44). Clearly, the signal inten-
sity is dependent on the metabolic activity of the cells, as
well as the total cell number. As a first step, we looked at
the viability of cells transfected with the betaxanthin pro-
duction cassette compared to cells transfected with a plas-
mid encoding the fluorescent protein tGFP (Supplemen-
tary Figure S7A). Then, we analyzed the impact of medium
containing betaxanthins on wild-type cells (Supplementary
Figure S7B). Lastly, we measured growth curves and com-
pared cells producing either betaxanthins or tGFP (Supple-
mentary Figure S7C). Betaxanthin production did not im-
pair the viability of HEK293T cells in any of these assays.
Moreover, in order to identify any impact on cellu-
lar metabolism and signaling pathways we quantified the
changes in gene expression of 96 different endogenous genes
belonging to 18 different signaling pathways and 13 house-
keeping genes using an RT-qPCR array (Supplementary
Figure S8). Of these 96 genes, 26 were below the detection
limit and only 15 were significantly different in betaxanthin-
producing cells compared to tGFP-producing control cells.
Two of the 15 were upregulated in betaxanthin-producing
cells; they were FASN (fatty acid synthase) and 18s rRNA
(with ct of 3.1 ± 0.8; 2.4 ± 0.4). The two lowest-
expressed genes were EGR1 (early growth response pro-
tein 1) and CDKN1B (cyclin-dependent kinase inhibitor
1B) (with ct of –2.2 ± 0.3; –3.4 ± 0.8). The reasons for
these differences in gene expression are unclear. One pos-
sible factor would be that fluorescent proteins increase the
production of reactive oxygen species (45), which impact the
transcriptome as well as the proteome (46,47). Changes in
CDKN1B levels had no impact on cell growth (Supplemen-
tary Figure S7C) as they are considered insufficient to alter
the cell cycle (48,49). Taking these results together with the
previous findings, we do not consider these changes in gene
expression particularly worrisome for the utility of the sys-
tem, although use of this system in neuronal cell lines would
need to be evaluated individually, as they might react sensi-
tively to L-DOPA production. Moreover, AmDODA alone
could serve as an L-DOPA sensor in cells that already pro-
duce it.
Profiling mammalian gene expression with betaxanthin-
based reporter systems
To further evaluate this reporter, we established a trigger-
inducible system as illustrated in Figure 3A (plasmid maps
in Supplementary Figure S9). A fusion protein of Am-
DODAand hGCHwas constitutively expressed, while hTH
was put under the control of an inducible promoter. As
transcription of all three genes is necessary for efficient dye
production, only one gene needs to be inducible to fully reg-
ulate betaxanthin production. We chose hTH for this role
since it is the first enzyme in the dye production cascade.
Furthermore, it is likely that if hTH is expressed constitu-
tively, L-DOPA would be produced in the cells and would
slowly generate black melanin and potentially become toxic
to the cells. Additionally, as cell-to-cell heterogeneity of
AmDODA or hGCH would lead to variation in reporter
production, we wanted to ensure that the two enzymes are
highly overproduced and would not become a bottleneck.
Heterogeneity in hTH levels is expected to lead to unpre-
ventable variation in reporter production, as is the case for
all transiently transfected reporter systems.
We created a model test setup by using a doxycycline-
driven promoter for the inducible production based on a
P2A-fusion protein of hTH in tandemwith the benchmark-
ing reporter phosphatase SEAP (human placental secreted
alkaline phosphatase,ALPP, AAB64400.1) (4), to correlate
the two reporter systems (plasmid map in Supplementary
Figure S9). HEK293T cells were transfected with the con-
stitutive AmDODA-hGCH and the inducible hTH-SEAP
construct, then reseeded into medium containing different
amounts of doxycycline, and the reporter activities were
quantified 48 h later (Figure 3B). Notably, the reporter ac-
tivities were quantified from the same samples, thus demon-
strating themultiplexing capabilities of the betaxanthin sys-
tem. The induction curves of the two reporters are highly
similar.
For real-time profiling of reporter production we trans-
fected HEK293T cells with different amounts of pPST324
and followed the fluorescence generation at 30 min inter-
vals for 72 h. A dose-dependent increase in fluorescence was
observed (Figure 3C). To get more insight into the tempo-
ral dynamics of reporter gene expression, we calculated the
derivative of the curves in Figure 3C. The maximum in-
crease in fluorescence was observed after ∼35 h (Supple-
mentary Figure S10A). This curve presumably reflects the
exponential growth of the cell population, the initial lag
before enzyme production following transfection, enzyme
kinetics, dye diffusion, and nutrient or oxygen limitations.
However, a comparison of the continuous color production
with the growth curve of transfected cells (Supplementary
Figure S10B) suggests that the peaking increase in fluores-
cence is not simply caused by the population growth dynam-
ics.
The fluorescence of cells transfected with the betax-
anthin production cassette was significantly above back-
ground within ∼6 h after transfection (Supplementary Fig-
ure S10C). Various unspecific and system-specific limita-
tions exist that limit the temporal resolution of this system.
Unspecific delays, such as delays after transient transfec-
tion, initial transcription or translation are reporter system-
independent. Thus, the reporter systemwould simply reflect
target gene dynamics. Specific limitations are most likely
due to the delay between protein translation and signal de-
tection (enzyme secretion in the case of SEAP, fluorophore
maturation in the case of fluorescent proteins (50), and en-
zyme and chemical reaction rates in the case of the betaxan-
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Figure 3. Application of the betaxanthin production system as a reporter. (A) Schematic representation of the betaxanthin reporter system. A direct
fusion of DODA (4,5-DOPA dioxygenase) and GCH (GTP-cyclohydrolase) is constitutively expressed. Upon trigger-induced expression of TH (tyrosine
hydroxylase) L-DOPA is produced, and in turn is converted to betalamic acid (BA), leading to the final reaction product (betaxanthins). PInd, inducible
promoter; PConst, constitutive promoter; pA, poly-A tail; , L-DOPA; , BA; , betaxanthin. (B) Comparison of betaxanthin as a reporter system with the
widely used SEAP reporter system. Systems are expressed in tandem via a P2A under control of a doxycycline (dox)-inducible model promoter. pPST322
(AmDODA-hGCH1), pPST350 (SEAP-hTH) and pTS1105 (transactivator) were transfected. Each reporter activity wasmeasured in the same supernatant
first as betaxanthin fluorescence and second as SEAP activity, and a sigmoidal curve was fitted to the observations. The induction concentrations of
doxycycline are shown below the graph. (C) Continuous betaxanthin production assay. Cells were transfected with pPST324 and placed in a fluorescence
reader. The fluorescence was measured every 30 min over the course of 72 h. The colors represent the percentage of active plasmid (pPST324), made up
to 100% with mock plasmid (pCOLADuet-1). Fluorescence was normalized to the first data point in each measurement series to adjust for well-to-well
differences. (D) Flow cytometry analysis of intracellular betaxanthin. Cells were transfected with pPST324 ( ) or with empty vector pCOLADuet-1 ( ) and
analyzed 48 h later. Gating was done to exclude dead cells and doublets. A total of 100 000 raw data points were collected per sample. The population data
shown is representative of three independent experiments. (E)Micrographs of cells producing betaxanthin. Left, mock-transfected cells; right, betaxanthin-
producing cells; top, bright field; bottom, deconvoluted green fluorescence. Cells were transfected with either pColaDuet-1 or pPST324 and examined 72
h after transfection. The images are representative of three independent experiments. For graphs B and C, dye development was measured in arbitrary
fluorescence units (485 nm ex. | 507 nm em.). Graphs B and C show the mean ± s.d. of n = 3 biologically independent samples and are representative of
three independent experiments.
Dye localization and comparative analyses of fluorescent pro-
teins with small-molecular betaxanthine-based reporter sys-
tems
As betalamic acid is produced in the cytosol, it is likely
that intracellular betaxanthin can be measured dose-
dependently and thereby could be used as a single-cell re-
porter. To test this, we transfected HEK293T cells with dif-
ferent amounts of pPST324. After 48 h, flow-cytometric
analysis showed a dose-dependent shift in population flu-
orescence (Figure 3D). To understand the distribution of
the dye between cells and supernatant, we transfected cells
with the betaxanthin production cassette and collected the
supernatant and harvested PBS-washed cells each day for
72 h (Supplementary Figure S11). Interestingly, the intra-
and extracellular dye concentrations seemed to remain in
an approximately constant ratio. We calculated the ratio of
total fluorescence (the product of fluorescence and analysis
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Figure 4. Smartphone-based quantification of betaxanthins in cell culture supernatant. (A) Schematic overview of the method. The color information is
extracted in the form of RGB values from a sample in a cuvette in front of a blue background shielded from light interference, and processed to yield
the absorbance or the betaxanthin concentration of the sample. RGB, red green blue standard additive color mode. (B) Standard curve of indicaxanthin
absorbance created using the above method. The dashed line indicates the 95% CI. (C) Quantification of betaxanthins in supernatant of cells transfected
with either pPST324 or pColaDuet-1 after 72 h. Graphs B and C show the mean ± s.d. of n = 3 technical replicates and are representative of three
independent experiments.
ing that at least 98% of the dye can be found extracellu-
larly. To definitively visualize the intracellular dye accumu-
lation we obtained a time-lapse microscopy recording (Sup-
plementary Movie S1) of HEK293T cells transfected with
pPST324. It can clearly be seen that, as is to be expected
with transient transfection, different cells produce different
amounts of dye, which subsequently appears in the back-
ground medium. Deconvoluted images of cells producing
betaxanthin in fresh clear culture medium can be seen in
Figure 3E. Additionally, we used blue light to obtain bright-
field micrographs (Supplementary Figure S12), which re-
sulted in the dye absorbing the light and appearing dark in
the images; this approach could potentially enable the de-
tection of the dye in terms of absorbance instead of fluores-
cence.
To examine the multiplexing capabilities of this system
at the single-cell level, we cotransfected HEK293T cells
with pPST324 and a plasmid coding for mCherry fluores-
cent reporter protein. Flow cytometry revealed cells exhibit-
ing both green and red fluorescence (Supplementary Figure
S13).
Chemical fixation of cells prior to analysis with a flow
cytometer or a microscope is required for many applica-
tions in cell biology. Therefore, we wanted to see whether
betaxanthin-stained cells would offer an advantage over flu-
orescent proteins, as fluorescent proteins tend to lose their
fluorescence during fixation. We fixed cells producing GFP
or betaxanthin and analyzed them using a flow cytome-
ter (Supplementary Figure S14). Although the GFP fluo-
rescence intensity was stronger than the betaxanthin fluo-
rescence prior to fixation, GFP fluorescence vanished com-
pletely following fixation, whereas betaxanthin fluorescence
remained stable or even increased in intensity.
Simple, inexpensive betaxanthin assay using a smartphone
As the yellow dye is clearly visible to the naked eye, we next
designed a smartphone-based set-up suitable for inexpen-
sive sample profiling by non-scientific operators in remote
field situations (see Figure 4A for a schematic overview;
Supplementary Figure S15 shows a photograph of the de-
vice and screenshots of the actual measurements). RGB
values (red green blue standard additive color mode) were
extracted from images of a sample-containing cuvette in
front of a blue background, and the betaxanthin content
of the sample was determined from the blue portion of
the RGB values and a calibration curve. We produced
an indicaxanthin-specific calibration curve (0–2.24 mg/ml)
to quantify the dye in cell-culture samples (Figure 4B).
With this methodology, we were able to measure the be-
taxanthin concentration of 1.04 mg/ml in the supernatant
of HEK293T cells transfected with pPST324. Negative-
control cells transfected with pColaDuet1 showed an in-
significant dye concentration (0.06 mg/ml), confirming that
the standard cell-culture medium does not interfere with as-
say performance (Figure 4C).
Concluding remarks
We believe the toolbox presented here has considerable po-
tential for further expansion in the future. For example, it
might be feasible to produce red betanin in mammalian
cells, since betanin has been produced as a mixture with
betaxanthins in yeast (39); this could enhance the versatil-
ity of the betalain reporters. To make the betaxanthin sys-
tem faster and more sensitive, the efficiency of the fungus-
derived AmDODA in mammalian cells might be increased
by mutagenesis. Furthermore, application of this system as
an intracellular L-DOPA sensor, for example in dopamin-
ergic neuronal cells, might provide a useful tool for basic
research.
In summary, we present the first engineered device for
heterologous biosynthesis of a plant- or fungus-derived dye
in mammalian cells. We believe this genetically encoded
fluorescent small-molecular reporter system will be espe-
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should also complement or replace existing reporters in var-
ious applications, such as large-scale drug screening, where
current reporter assay-based methods are time-consuming,
often involving multiple pipetting and incubation steps,
and the necessary reagents are relatively expensive. The dye
shows bright yellow fluorescence, visible to the naked eye,
which can be quantified using standard laboratory instru-
ments and profiled with a smartphone by non-scientific per-
sonnel in field situations at remote locations. The dye can
be directly quantified in regular cell culture medium, since
there is no requirement for any additional reagent or ded-
icated sample processing. It does not impact substantially
on cell viability, and it is equally functional in live and fixed
cells. We believe this reporter system will be suitable for a
broad range of studies, including whole-population mea-
surements, single-cell quantification, continuous monitor-
ing, and multiplexed reporter detection.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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